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Abstract 
The CYCLE code is intended to simulate mathematically the operation of a nuclear power system (NPS) with thermal and fast reactors 
in an open or closed nuclear fuel cycle, to develop scenarios of efficient nuclear power evolution in Russia and to analyze trends in global 
nuclear power. The code is based on a well-known software program, WIMSD-5B, broadly used for the design of thermal reactor cells, and 
on a 2D multi-group software system, RZA, for the fast neutron reactor simulation. The CYCLE code was developed at IPPE in Obninsk. 
This paper presents a brief review of the capabilities and information on the current status of the CYCLE code. The code allows simulation of 
key facilities of the external fuel cycle (fuel fabrication and reprocessing facilities, SNF storage, uranium, plutonium, neptunium, americium 
and curium stores, RW long-term storage sites), nuclear reactors, including RBMK-1000 reactors, existing and advanced VVER reactors 
(using different fuel types), and fast reactors (both existing and innovative). As an important feature, the CYCLE code allows the evolution 
of the fuel’s nuclide composition both in reactors and at the external fuel cycle phase to be considered in details. Offered as an extra option 
is the capability to calculate a variety of the nuclear fuel cycle cost parameters for nuclear power plants with thermal and fast reactors. For 
years, the code has been successfully used as part of INPRO, an international innovative nuclear reactor and fuel cycle project. The results 
of studies into the Russian NPS evolution scenarios were presented at Global 2011. Some other of the CYCLE-based simulation results were 
presented at Global 2015. 
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The CYCLE code is intended to simulate mathematically
nuclear fuel cycles, develop scenarios for effective evolution
of nuclear power in Russia, and analyze trends in global nu-
clear power. The system has been successfully used in interna-
tional studies as part of INPRO, an innovative nuclear reactor
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2452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mo
B.V. This is an open access article under the CC BY-NC-ND license ( http://creatin the development of the CYCLE code on the description
nd consideration of peculiarities inherent in simulation of a
losed nuclear fuel cycle (CNFC) with fast and thermal reac-
ors. The code was developed at IPPE in Obninsk. The initial
evelopment stage of the CYCLE code (CYCLE TR ) was de-
cribed in [1] . The activities at that stage were limited to the
imulation of the VVER-type reactor fuel cycle (NFC) with
he fuel isotopic composition and radiological and environ-
ental characteristics tracked in the following chain: mining
f natural uranium – conversion – enrichment – fuel assembly
FA) fabrication – reactor – spent nuclear fuel (SNF) pool –
nterim storage – SNF long-term storage (or disposal). It was
lso possible to simulate VVER reactors partially loaded with
OX fuel, with a constant isotopic composition of loaded
lutonium. Since then, the functionality of the code has been
xpanded drastically and is described herein. scow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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 volution of the CYCLE code 
Presently, the CYCLE code allows modeling a two-
omponent nuclear power system (NPS) the model of which,
n addition to thermal reactors with uranium oxide (UOX)
uel, includes fast reactors and enables multiple recycling of
lutonium, uranium and minor actinides. It is also possible
o use mixed uranium-plutonium oxide (MOX) fuel or nitride
uel with a variable uranium and plutonium content for ther-
al reactors. A fuel cycle with a fuel processing capability,
ncluding the use of natural, depleted and reprocessed ura-
ium, plutonium, neptunium, americium and curium stores,
s considered. 
The simulation results for the fuel cycle of thermal reactors
ith UOX fuel (TR UOX ), involving the formation of uranium,
lutonium and MA stores, are used as the input for the sim-
lation of the plutonium fuel reactor operation as part of a
uclear power system. 
Plutonium fuel reactors are started both using plutonium
enerated in power reactors and plutonium obtained from
ther sources. The latter suggests that the initial character-
stics of the given plutonium store should be given rather
han calculated. Different physical and logical topologies of
lutonium stores are possible. Thus, it is possible to simulate
he evolution of nuclear power based on combined operation
f TR UOX , thermal reactors with a partial MOX fuel load
TR MOX ) and fast reactors. And thermal reactors with a par-
ial MOX load are assigned the role of plutonium burners,
hile fast reactors (FR) enable degradation of the plutonium
sotopic vector to be stopped during plutonium recycling in
hermal reactors. A simplified flowchart of the NFC simulated
n the CYCLE code is presented in Fig. 1. 
alculation results 
The major calculation results are the time dependence of
aterial flows at the NFC stages and the evolution of isotopic
ectors. Besides, the following characteristics are calculated:
uel activity (Bq), radiotoxicity by air (Sv), radiotoxicity by
ater (Sv), neutron source due to spontaneous fission of ac-
inides (n/s), neutron source due to oxygen-based ( α, n) re-
ction (n/s), total neutron source (n/s), actinide heat (kW),
ssion fragment heat (kW), total decay heat. 
The nuclide list includes all heavy nuclides with a half-life
f over 46 days, including stable isotopes of lead and bismuth.
he rest of the nuclides are assumed to be in equilibrium
ith their precursors. The concentrations thereof are taken
nto account for the calculation of other fuel characteristics:
ctivity, radiotoxicity, neutron source and heat. 
eactor commissioning 
Reactors of the specified type are commissioned and de-
ommissioned in accordance with the given time dependence
nd reactor operating time. In the process of operation, it is
ossible to convert thermal reactors with uranium fuel to aartial MOX fuel load for burning the plutonium built up in
he system. 
uel cycle’s pre-reactor stages 
The fuel is enriched uranium or mixed fuel. The pre-
eactor stages are: uranium mining, conversion, enrichment,
A fabrication (for uranium fuel), retrieval of fuel components
rom stores, repeated removal of americium from plutonium,
nd FA fabrication (for mixed uranium-plutonium fuel). 
Annual and integral values are determined for the follow-
ng: 
− consumption of natural uranium and other fuel compo-
nents; 
− separative work; 
− accumulation of depleted uranium; 
− accumulation of americium from its possible repeated re-
moval from plutonium; 
− consumption of mixed fuel components from stores; 
− demands for UOX and mixed fuel fabrication. 
− uranium, plutonium and MA losses at the above fuel cycle
stages. 
For reactors with mixed uranium-plutonium fuel, retrieval
f fuel components from uranium, plutonium, neptunium,
mericium and curium stores is modeled. It should be noted
hat components may be retrieved starting from “older” or
resh batches or evenly. The content of plutonium in the fab-
icated fuel, in the event its nuclide composition differs from
he base composition, is adjusted. The adjustment is based
n the condition of maintaining the reactor cycle duration in
ccordance with the plutonium equivalenting procedure [2] or
y use of direct calculations. 
he following is taken into account in the fuel fabrication 
− a change in the nuclide composition of the fuel components
in the course of storage; 
− possible repeated removal of americium from the pluto-
nium retrieved from the plutonium store; 
− losses of components during factory-based fuel fabrication;
− a change in the nuclide composition of fuel from the time
of the fabrication till the loading into the reactor. 
The losses of fuel components are shipped for disposal. 
uel cycle’s reactor stages 
− Calculation of the heavy metal quantities loaded annually
for the reactor startup and refueling as specified by the
given scenario. 
− Calculation of the spent fuel nuclide composition in a
range from thorium isotopes to curium isotopes. 
− The input and output nuclide compositions may be given
as initial data. 
116 A.G. Kalashnikov et al. / Nuclear Energy and Technology 2 (2016) 114–118 
Fig. 1. Model diagram of a CYCLE-simulated NFC. 
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i− Changes in the isotopic composition in fast reactors are
simulated by direct calculation of the reactor, with regard
for its partial refueling, and those for a thermal reactor
are simulated through the calculation of the burnup in fuel
assemblies (FA). This involves the use of the following
external procedures: 
° for fast reactors – the RZA 2D multi-group software
system [3] , to simulate the reactor operation in a steady-
state mode with regard for refueling; 
° for thermal reactors – the WIMSD-5B reactor FA cal-
culation software package [4] , using WIMSD-IAEA, a
172-group library [5] . 
Fuel cycle’s post-reactor stages 
Changes in the nuclide composition (nuclides of heavy
metals in a range from Pb to Cm with a half-life of over
46 days) and such SNF characteristics as activity (Bq), water
and air radiotoxicity (Sv), neutron source and its components
(n/s), and decay heat components (kW) are modeled at the
following NFC stages: 
− in the spent fuel pool; 
− during intermediate SNF storage; 
− during SNF retrieval from storage and SNF reprocessing
at a reprocessing facility; 
− when batches of reprocessed uranium, plutonium, neptu-
nium, americium and curium received at stores – changesin the nuclide composition, depending on time, are ac-
counted for all stores; 
− inside a repository or long-term storage (for a repository,
characteristics are traced for up to 10 7 years). 
NF reprocessing plants 
As part of the CNFC, irradiated fuel is reprocessed in ac-
ordance with the given reprocessing plant capacity, while
xtracted plutonium, uranium, neptunium, americium, curium
nd fission products (FP) are shipped to stores. 
andling of uranium stores 
Uranium inventories are formed by three components: 
(a) depleted uranium resulting from enrichment of uranium
for thermal reactors, depleted uranium resulting from
enrichment of uranium for the BN-350, BN-600, re-
search and other reactors, or from other sources; 
(b) reprocessed uranium resulting from reprocessing of
thermal and fast reactor fuel; 
(c) natural uranium. 
lutonium store balance 
The plutonium inventory minimization algorithm used in
he CYCLE code to develop nuclear power evolution scenar-
os is described in [6] . 
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Fig. 2. NFC flowchart. 
H
 
g  
t  
u  
w  
s
 
d  
w  
b  
t  
S
E
 
l  
p
 
l  
f
C
 
d  
n  
e  
t  
(  
t  
h
 
o  
b  
d  
w  
t  
s
 
i  
f  
f
 
a
 
d  
f
b  
v  
m  
p  
i  
e
 
 
 
d  
s
 
e  
l
 
e  
e  
s
 
u
A
 
L  
u  
p
L
 
t
L
N
 
p  
p
C
 
c  
R  
2  
N
 
oandling of plutonium stores 
The simplest case is accumulation of extracted power-
rade plutonium from fast and thermal reactors at one cen-
ralized store. A more complex fuel cycle permits the use of
p to three stores to keep plutonium from different sources
ith a possibility to change the store handling logic in the
cenario modeling process. 
An option to handle stores for extracted plutonium from
ifferent sources is shown in Fig. 2 as an NFC flowchart
hich, provided there is a particular ratio between the num-
ers of reactors of different types, enables electricity genera-
ion to be stabilized at a certain level achieved with complete
NF reprocessing and plutonium utilization. 
conomics 
The CYCLE code supports a calculation procedure for se-
ected cost indicators of the nuclear fuel cycle for a nuclear
ower plant with fast and thermal reactors. 
The procedure is used primarily to calculate the constant
evelized cost of a fuel cycle per kW of electricity generated
or the entire NPP operating time. 
ost indicators of the nuclear fuel cycle 
The operations involved in a nuclear fuel cycle and in han-
ling of respective waste, in a range from the mining of ura-
ium ore to the final disposal of high-level waste, normally
ncompass a period of 50 to 100 years. As a rule, these opera-
ions are divided into two stages: the initial stage or frontend
when nuclear fuel is prepared for being used in the reac-
or) and the final stage or backend (including irradiated fuel
andling). 
The frontend includes processes ranging from the purchase
f uranium ore to the supply of finished FAs to the NPP. The
ackend starts from the transfer of spent nuclear fuel to a
etached storage or to a spent fuel reprocessing site and ends
ith the final disposal of vitrified high-level waste following
he reprocessing (a closed fuel cycle) or immediately encap-
ulated SNF (direct disposal option). 
Normally, a comparative analysis of different fuel cycles
ncludes a comparison based on the cumulative cost of the
uel cycle frontend and backend known as the levelized unit
uel cost (LUFC) of electricity. The cost at the fuel in-reactor stage is normally classified
s operating cost. 
A calculation of the LUFC for electricity uses a procedure
eveloped by the Nuclear Energy Agency of the Organization
or Economic Cooperation and Development (OECD/NEA) 
ased on generalized practices for the calculation of the in-
estment cost at different nuclear fuel cycle stages used in
arket economies [7] . This procedure is based on the net
resent value concept that takes into account the disparities
n the money expenditures during fuel handling and in the
arnings from electricity generation. 
This involves the following assumptions: 
− the cash flows in time are known during the project im-
plementation; 
− the interest (discount) rate has been determined based on
which funds may be invested in the given project. 
The cost is levelized with respect to the selected baseline
ate for each cycle stage given the time range covering the
tage in question. 
The fuel cost is the relation of the total of the levelized
xpenditures for the entire NPP nuclear fuel lifecycle to the
evelized electricity output for the same period. 
The notion of the levelized fuel cost is one of the required
stimation tools to compare the economic efficiency of differ-
nt fuel cycles and the power plants as such at the technology
election stage. 
In more details, the procedure used and the program mod-
les developed on its basis are described in [8] . 
mortization and Operation & Maintenance costs 
The Levelized Unit Amortization Cost (LUAC) and the
evelized Unit Operation & Maintenance (LUAM) cost of the
nit electricity generation are estimated based on the INPRO
rocedure [9] . 
evelized Unit Energy Cost 
The Levelized Unit Energy Cost (LUEC) is found as the
otal of three components: 
 U E C = L U F C + L U AC + L U OM. 
FC simulation results 
Some of the results to illustrate the modeling of the nuclear
ower evolution in Russia and in other ex-USSR countries are
resented in [10–13] . 
YCLE code status 
Since 2010, the code has been broadly used in analyti-
al feasibility studies for the introduction of the CNFC in
ussia’s NPS. The modeling results were presented at Global
011 and Global 2015, and were also used to analyze the
PS evolution scenarios using the INPRO methodology. 
In 2013, the Russian Federation registration certificate was
btained for the code. The copyright holder is IPPE. 
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